INTRODUCTION
Of all of the potential applications which utilize the electrical properties of graphite intercalation compounds none has drawn as much attention as electro-magnetic interference (EMI) shielding.
The driving force has been idea of light-weight shielding for spacecraft, aircraft, and automobiles. The limit to mass reduction in present shielding is not its shielding ability, but its mechanicalcharacteristics,suchasits strength andstiffness. Metal foils may havesufficient shielding capability, but do not have sufficient structural integrity to build spacecraft components. Foil shielding boxeswould collapseunder handling loads and launch stresses. The intrinsic shielding, therefore, does not have to be as high as that of metals such as aluminum, but merely sufficient to meet the shielding requirements.
Carbon fiber compositeshavebeenusedsuccessfully to reduceaircraft and spacecraft weight in structural components. For example,a shielding box single ply of 0 -90°carbon fiber/epoxy would have less than 12 percent of the mass of a standard 80 mil (2.0 mm) aluminum shielding box. Unfortunately, conventional carbon fiber/epoxy composites are not sufficiently conductiveto provide adequateshielding. Foils, paints and platings on such compositescanbe used,but there are reliability problemscausedby poor scratch resistance, poor adhesion,and oxidation. where E o is the permittivity of free space (8.85x10 "12F/m) and tLo is the permeability of free space (1.26x10 -6 H/m).
Interference generated in the far field is said to be radiative coupled.
When the distance from the source (r) is small with respect to the wavelength (near field) the electrical component of the impedance, Z e, is approximated by
where "w" is the angular frequency of the incident wave (_ f) and "f" is its frequency. If the near field noise is from a relatively high-voltage, low-current source it will be dominated by the electric field component of the wave. Such interference is capacitively coupled between the source and the device.
The magnetic component of the impedance, Z h, is similarly approximated by
If the near field noise is generated from a relatively high-current, low-voltage source the magnetic component will dominate and there will be inductive coupling between the source and the device.
There are three additive components _to EMI shielding. The total attenuation of a shield (S) is the sum of the terms, S=A+R+B.
where "A" is the absorption, "R" is the reflection, and "B" is the result of multiple internal reflections within the shield. This is illustrated in figure 2. 
where "A" is the absorptive attenuation in dB, "t" is the thickness of the shield in meters, "_" is the permeability relative to that of free space, "f" is the frequency of the radiation, and 'b" is the conductivity of the shield in S/cm. It has the form of a simple exponential as shown in figure 3. When discussing absorption the skin depth (6) and "Zw" is the impedance of the incident wave, which for an electric component dominated wave has the form,
where "c" is the speed of light, and "B" is 2_/wavelength, and for a magnetic component dominated wave has the form, Whether a gap will lead radiation depends upon the comparative size of the gap and the wavelength of the radiation. In general, if the gap is less than the wavelength, it will not allow radiation to escape. Thus, high frequency sources and receivers are more difficult to shield than low frequency.
In spacecraft the situation is further complicated by the fact that the EMI shield is multifunctional.
It must also act as at least part of the radiation shield. The sun is a time varying source of high ener_3particles and radiation. During times of peak solar activity radiation fluxes as high as 10 MeV/cm2-day are present, and many electrical components are sensitive to those levels of radiation.
Heat must also be rejected through the shielding boxes. In vacuum only conductive and radiative heat rejection modes are available.
In practice, the limiting factor is often the mechanical characteristics that limit the EMI shield. Aluminum foil would have enough shielding ability for most applications, but does not have the structural integrity to build the spacecraft.
The maximum stresses occur on second stage ignition, but these are usually small compared to ground-base handling loads. Thus, shield are usually engineered to take ground handling loads of 150 pounds, far more than is required during their operational life.
As with any spacecraft component, the major concern, however, is weight. The average cost to orbit per pound of hardware is shown in figure 6 . Saving a few pounds in a communications satellite may enable an additional transponder to be added, resulting in several millions dollars profit per year.
A small weight saving may also allow enough additional station keeping fuel to extend the operational life of the satellite by years. If the weight savings is substantial, a smaller launch vehicle may even be able to be used which results in very substantial cost savings.
Thus, shielding requirements are a very complex issue. Improving the shielding ability beyond some nominal limit does not improve the overall electrical system performance, and present aluminum shields are clearly beyond that limit. What is needed is not an improvement in shielding ability, but an improvement in electrical system characteristics (such as specific power). Thus replacing an excellent shielding material which has high density or low strength with a moderate shielding material which has low density and high strength may result in higher specific power, because of lower system mass, and yet still have sufficient shielding characteristics.
The Case for Graphite/Epoxy Composites
The search for improved EMI shields must begin with a review of the properties of candidate materials. Such a list is presented in table I. Materials are listed in order of their density, thus, at a first look, materials located towards the bottom of the list are most desirable.
Secondarily, the strength and modulus will be important since mechanical properties tend to be the limiting factor. Third, the resistivity is important to the shielding ability, and must be above some limiting value which will differ for different applications. Perhaps the most important of these, as was mentioned above, is that the shielding ability is similar to that of isotropic metals of the same resistivity. Unfortunately, the resistivity of composite materials is subtle, and its value is dependent upon the measuring technique and the direction of its measurement. This is discussedin detail elsewhere. 4 For the purpose of calculating the shielding effectivenessa simple rule of mixtures model was assumed.
Calculations were carried out using the equations described above for copper, aluminum, and 50 percent fiber volume fraction compositesof PAN, P-55, P-75,P-100, P55+Br, P-75+Br, and P-100+Br. It is assumedthat the resin makesno contribution to the conductivity of the composites. Table IV lists the values of the properties needed in the analysis.
The absorptive attenuations per mm of material are shown in log-log scale in figure  8 . From equation (4) it can be seenthat the distancebetween the sourceand the shield is not a factor in determining the attenuation. Those materials which are most conductingare the most absorbing,and the attenuation rises steeplywith frequency. In the range of tens of GHz (101°Hz) and higher eventhe PAN fiber compositeshave excellent absorption (i.e. the skin depth is very short).
Far field reflective attenuation of the different materials are shown in a semi-log graph in figure 9 . The assumptionis that the sourceis far from the shield with respect to the wavelengthof the radiation. Equation (5) revealsthat far field reflection is independent of the shield thickness. Materials with the highest conductivity have the highest far field reflection, and it decreaseswith frequency. At the kHz (103Hz) frequency and below all of the materials are reflective enough to provide sufficient shielding. Note that the attenuation values for all of these materials are quite similar under these conditions. The form of the nearfield reflective attenuation is dependant on whether the electric field or the magneticfield component of the waveis dominant. Relatively high voltage and low current wavesare dominated by the electric field component and couple capacitively. Figure 10 shows the reflective attenuation of electric-field dominated electro-magnetic waves. Equation (6) showsthat the source to shield distance is important for near field attenuation of this type of wave. The sourceto shield distancein this calculation was taken to be 10 cm, and as the distanceincreasesthe reflective component of thesewave will also increase. The frequency of a 10cm wave is 3 GHz (3x109 Hz), so the graph is not valid for frequencieshigher than about that. Once again, the reflective attenuation doesnot vary a lot, but is somewhatis higher for more conductivematerials and decreaseswith frequency.
If the noise is from a relatively high-current and low-voltage source, the magnetic component of the electromagneticwave dominates and couplesinductively. This leads to a different reflective attenuation as describedby equation (7). Figure 11 is a semi-log plot which showsthat over most frequenciesthe secondterm in equation (7) dominates. Once again the magnetic field attenuation is similar for all casesand the more conducting the material the better the reflective shielding. In this case,however, the attenuation increases with frequency. However, at low frequencies (below about 1 kHz), the first term of equation (7) dominates and lower conductivity materials have higher attenuation and the attenuation decreaseswith frequency.
The attenuation which is due to internal reflection involves a complex interaction between the impedance of the incoming wave, the impedance of the shield, and the absorption and thickness of the shield. If the absorption exceedsabout 15 dB then the magnitude of this term will be negligible. For this calculation the thicknessof the shield was taken to be 1 mm and the source to shield distance 10 cm. The internal reflection effects can be significant, especiallyin the low frequency regime. Figure 12reveals illustrates the internal reflection affects in the far field case. With lower conductivity materials the internal reflection term becomesmore important, because the absorption is lower, both in magnitude and in frequency range affected. At very low frequency there is an amplification by as much as50 dB for the lessconducting composites. In the MHz (106Hz) range and above there is essentiallyno contribution from the internal reflections becausethe skin depth becomessignificantly lessthan the shield thickness.
Figure 13showsthe near field internal reflection attenuation for the high impedance field case. The positions and widths of the resonancepeaks are a strong function of the geometry, but are illustrative. In the caseof the highly conductivemetals and intercalated graphite composites there is little or no overshoot into the positive attenuation range. However, with the low conductivity cases,most notably PAN fiber composite,there is the look of a damped harmonic oscillator which does not totally damp out until frequencies around 108Hz are achieved. Once again there is no contribution once the near field region is passed(about 3x109Hz) when the near field condition fails to hold.
Figure 14showsthe near field internal reflection attenuation for the low impedance field case. The position and widths of the resonancepeaksare greatly exaggeratedeven over that of the near field high-voltagelow-current case. Even the copper and aluminum caseshave an excursion near -10 dB in the 102Hz range. This is becausein inductively coupledfields the permeability (_) of the shield becomesan important factor (see eqn. 13) and for copper and aluminum_ is nearly equal to 1. Again the damped harmonic oscillator type behavior is damped out before the far field condition is met near 3x109Hz.
The total far field shielding is shown in figure 15 . This is simply the sum of the curves in figures 8, 9, and 12. The low frequency there is little absorption, and the frequency dependenceof the reflection andthe internal reflection terms cancel. The result is that the attenuation tends to be nearly frequency independent up to some characteristic value, after which it rises steeplydue to the absorptive component.
For spacecraftfar field shielding is important for frequenciesabove about 100MHz (108Hz). The absorption of the metals, and the P-100+Br and the P-75+Br causethe shielding to rise sharply before this value. P-100 and P-55+Br shielding begin their increasesaround 108Hz, while P-75, P-55, and PAN compositeshave somewhat higher frequency thresholds. It is known that PAN composite shielding is not sufficient, and one would suspectthat P-55 and P-75 would also have problems. The resistivity required for adequate shielding, however, dependsupon the exact application.
The near-field high-voltagelow-current shielding is the sum of the curvesin figures 9, 10, and 13, and is shown in figure 16 . At low frequenciesthe absorption is insignificant, the reflective attenuation decreasesas the cubeof the frequency,and the internal reflection term increasesas the squareof the frequency. The result is that the total shielding in this region decreasesproportionately to the log of the frequency. At 1 Hz the shielding is about 300 dB, so at low frequency the shieldingis very effective. At high frequency the absorptive attenuation is high, so the only concern is in the intermediate frequency region.
It is this region which is highlighted in figure 16 ,andshowsthe value of intercalation. Intercalation shifts the trough to lower frequency and raisesthe lowestvalue. P-100hasits low value of about 48 dB at about 2x101°Hz. Intercalation raisesthe minimum shielding to 77 dB and shifts the peak to 3x109Hz. Similar changeswere noted with P-75 and P-55. Intercalation becomes an enabling technology for graphite fiber/epoxy composites within the GHz and up frequency region. The near field high-current low-voltage shielding is the sum of curves shown in figures 8, 11, and 14. This is shown in figure  17 . For power components the frequency range of interest is low, usually less that 100 kHz (10 s Hz), so this is the frequency region of interest for this type of shielding. In this range absorption is minimal. The reflected attenuation is also low, less than 30 dB for any of the materials considered.
To compound the problem internal reflection losses vary wildly over this range, depending on the exact geometry of the source and shield. The result is that the total shielding is minimal for highcurrent low-voltage sources in the near field.
The shielding problem is compounded because the wavelengths are so long at these frequencies that any reasonable spacecraft will be entirely within the near field.
The only way to increase this sort of shielding is to use materials with large/_'s, that is ferromagnetic materials.
In figure  18 the shielding provided by 1 mm of iron is shown. Better total power system performance and lower overall cost is what will drive replacement.
At first glance the cost benefits also appear to favor aluminum.
The cost of a pound of 6061 aluminum is about $4, whereas the cost of a pound of P-55, P-75, and P-100 fibers are $65, $350, and $900 respectively.
However, because of the superior mechanical characteristics of the graphite, when the required weights to replace a pound of aluminum are calculated the resulting costs are $4, $20, and $50 for P-55, P-75, and P-100 respectively. Furthermore, manufacturing costs favor the composites, especially if the volume is high or the shapes are complex.
Bromine intercalation would add costs to the graphite, but it is a simple room temperature process which is not inherently expensiveJ Pristine and intercalated P-55,,and perhaps even P-75 would be economically competitive with aluminum even if there were no benefits from weight reduction.
But the benefits from weight reduction may be considerable. In a communication satellite, for example, saving a few hundred grams would enable that much additional station keeping fuel to be carried on board, and the useful life might extended by months or years.
Saving a few kilograms could enable the addition of an additional transponder and its associated support, which could mean several million dollars in additional profit annually.
If several kilograms could be saved by perhaps replacing the frame and support structure as well as the shielding boxes, then perhaps a smaller launch vehicle could be used, and this would save millions of dollars in launch costs. Clearly the additional costs even from using intercalated 
